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MICROWAVE RADIATION AND THERMOREGULATION

INTRODUCTION

Temperature Changes and Thermoregulation

Endotherms are organisms capabtle of maintaining a stable internal body
temperature in the face of rather wide fluctuations in the thermal character-
istics of the environment. Thermoregulation in endotherms is accomplished by
{ine adjustments in appropriate autonomic response systems, by which the body
gains or loses heat, acting in concert with a wide range of behavioral maneu-
vers that provide a hospitable microciimate for the animal. Whenever possi-
ble, the behaviorally generated microclimate is thermally neutral, a situation
that maximizes the economy of water and energy stores in the body and mini-
mizes the involvement of autonomic mechanisms. Thus the description of ther-
moregulation in any endotherm involves detailed knowledge of thermoregulatory
behavior, both instinctive and learned, and of individual autonomic processes
of heat production and heat loss. The particular autonomic response that may
ha operative at any given time is dictated by the prevailing environmental
temperature; i.e., endotherms shiver in the cold and sweat or pant in the
heat, but not the reverse, and they will avoid doing either one if an effi-
cient behavioral maneuver is available to them.

In intact animals, thermal stimuli will elicit both behavioral and auto-
nomic thermoregulatory responses. These stimuli include not only variations
in the microclimate (i.e., ambient temperature, ambient vapor pressure, air
movement, and insulation), but also internal temperature changes due to,e.g.,
circadian variation, febrile disease, and exercise. In experimental animals,
nighly localized temperature changes in specific central nervous system (CNS)
sites can be brought about by implanted devices called thermodes, so as to
study the role of these sites in normal thermoregulation. Since microwave
radiation can be absorbed in extremely complex configurations by biological
entities, thereby generating heat in the tissues of the body, it must be
regarded as a significant thermal stimulus to thermoregulationm.

Summary of Earlier Findings

The thermoregulatory consequences of exposure to radic frequency electro-
magnetic radiation (2450-MHz CW microwaves) have been under intense study in
the microwave laboratories at the John B. Pierce Foundation Laboratory since
1977. The goal of this research has been to quantify, using the squirrel
monkey as an animal model, the minimal incident microwave energy (in mW/cm?)
that reliably influences the normal responses, both autonomic and behavioral,
that regulate the body temperature. The nature of the thermoregulatory alter-
arion has always been characterized in terms of both absorbed energy and local
body temperature perturbations., Other goals of this research project have
involved exploration of other parameters of microwave exposure such as the
Intensity and duration of the exposure, the part of the body exposed, and the
ntfects of concomitant thermal stimulation of the hypothalamic thermoregula-
tory center by means of implanted thermodes. Controls for surface heating,
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provided by infrared radiation or convective heating, have been an integral
part of many experimental designs.

g The animals are chair restrained in the far field of a horn antenna
ﬂ inside an electromagnetically anechoic chamber of interior dimensions 1.83 r x
N 1.83 m x 2.45 m. A valve system allows alr from one of two closely regulated
- (#0.5 °C) sources to circulate through the anechoic space. Fach monkey is
;} trained to pull a response cord to operate the valves, thereby selecting the
. environmental temperature the animal prefers. The use of a single air source
- provides an environment of constant temperature for the assessment of auto-
' nomic thermoregulatory responses. Usually, in order to achieve more precise
control over the environmental temperature in his immediate vicinity, the

monkey is confined within an air-conditioned Styrofoam box.

Continuous microwaves of a single frequency, 2450 * 25 MHz, are generated
by a Cober Model S2,5W generator and fed to the antenna via standard waveguide
E components. Calibr-ation measurements to determine field uniformity at the
animal's location, made with a Narda Model 8316B broadband isotropic radiatien
detector fitted with a model 8323 probe, show a maximum nonuniformity of 8¢
with the restraining chair absent and an additional 5% with chair present.
Insignificant changes occur with the introduction of a hood and hose connec-
tions for measurement of oxygen consumption, fine thermocouples and Vitek
probes (18) for measurement of body temperatures, tubing for the circulation
of temperature-controlled silicone oil to thermodes implanted in the monkey's
brainstem, or a Lucite boot and hose connections for measurement of
thermoregulatory sweating from the foot of the animal.

An assessment of whole-body energy absorption over the power density
range from 5 to 40 mW/cm? has been based upon temperature increments produced
at 4 depths in 3 sizes of saline-filled cylindrical Styrofoam models by 10-min
microwave exposures. The mean temperature rise in the liquid above an equili-
brated 35 °C was used to calculate the specific absorption rate (SAR). This
ranged from 0.135 to 0.153 W/kg per mW/cm?, with the higher values correspond-
ing to the smaller masses. Rectal temperature increments in conscious squir-
rel monkeys, during 10-min microwave exposures in thermoneutral environments,
yielded a comparable SAR of 0.15 W/kg per mW/cm?.

Eintt I U oy oy v v vTr T T

Brief (5-10 min) unilateral exposure of the monkey's whole body to 2450-
MHz CW microwaves (E polarization) allowed us to determine the minimal power
density (mW/cm?) that reliably alters thermoregulatory responses (thresholds).
These thresholds are very similar: 6-8 mW/cm® (SAR=1.1 W/kg) stimulates the
animal to select a cooler environment behaviorally, induces peripheral vaso-
dilation of the tail vessels, and initiates thermoregulatory sweating from the
foot, while a slightly lower power density, 4-6 mW/cm? (SAR=0.8 W/kg), relia- N
bly lowers metabolic heat production in cold environments. R

Microwave intensities above threshold stimulate proportionally greater
response changes. Extending the exposure duration (up to 2% h) produces
little or no adaptation of behavioral thermoregulatory adjustments, but does :
produce a gradual adaptation of metabolic heat production such that, in the AR
steady state, the SAR (W/kg) of the exposure is exactly balanced bv the reduc- }}t;
tion in metabolic heat production (W/kg). This result confirms our dosimctr: RS
studies of temperature increments in saline-filled Styrofoam models. Adapta- ‘
tion also occurs 1in thermoregulatory sweating during proloneed mi .
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exposure [(n warn environments, hut {t 1s not sufficient to prevent a rise in
Lody tempernture in this species.

When only the head 1g¢ exposed to the microwave field, the trunk and
extremities being screened, the power density must be nearly 10 times greater
than when the whole body is irradiated to produce a given reduction of meta-
bolic heat preductior in a cold environment. Tt is clear that heat generated
when energy is depesited directly in the head may be efficiently carried to
other parts cf the bedy ©y the circulatory system., Indeed, when the power
density 1is averaged over the total expcsea silhouette in accordance with
lncalized measurements of field strength, the respense change is found to
depend on the integrated energy absorption by the whele body, not on energy
deposited 1in some particular bedy locus. (Other experiments, conducted when
the head was screened and the remainder of the body was exposed to the micro-
wave field., confirmed this analysis: the thresholds for the reduction of
metabolic heat production in the cold or the alteration of thermoregulatory
behavior when the head alone was screened were only slightly higher than the
thresholds measured during whole-body exposure.

The depth to which microwaves at a frequency of 2450 MHz may penetrate,
toughly 2.0 to 2.5 em, indicates that this frequency is resonant to the head
£ the squirrel monkey. Thus, there is the potential for an enhanced rate of
incal energy deposition, and therefore selective local heating, in the center
of the brain. Such heating may occur in the medial preoptic/anterior hvpotha-
lamic azrea {PO/AH), the region of the anterior brainstem that has heen showm
to harbor the "central thermostat" for the regulation of the body temperature.
e have developed a chronic brain implant that allows both the measurement and
control of the temperature of this brainstem area in squirrel monkeys exposed
to microwave fields. Brain temperature measurements in several squirrel
menkevs exposed (unilateral exposure of the whole body) to 2450-MHz CW micro-
vaves reveal that a PO/AH temperature rise of 0.2-0.3 °C is associated with
vhe threshold power density that stimulates selection of a cooler environment
by the animal. A PO/AH temperature rise of the same magnitude, produced by
perfusing an implanted thermode with warm silicone oil, will also stimulate
tlre selection of a cooler environment, lower metaboclic heat production of an
wmimal in the cold, and initiate thermoregulatory sweating of an animal in a
warm cnvironment. Experiments of complex design have demonstrated that a
wmal: remperature rise in the PO/AH, that may occur during microwave exposure,
rust he supplemented by temperature changes elsewhere in the body to produce
given thermoregulatory response changes. Indeed, the data show that the PO/AH
~rea prohably plays a rather limited role in the thermoregulatory response to
aicrowaves and that, at this frequency, the thermal receptors in the skin are
«{ equal 1importance in the mobilization of efficient autonomic and behavicral
responses,

Our experience over the past several vears, in light of the current
sesearch into the biological effects of exposure to radiofrequency radiation,
nnints clearly to an important fact: in order to characterize completelvy the
aatonomic thermoregulatory response of an animal to an imposed radiofrequency
“ield of any frequency, all efferent response systems that influence thermal
halance should be quantified, Only by so doing, will it be possible to pin-
:nint the particular system that may be under alteration at any given time and
tn predict, on the basis of differences in "thermoregulatory profiles,” how
tuman  beings might respond in the presence of comparable vadicfrequency
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fields. The research described has been conducted with this important fasct in
mind. An augmented set of response measures describes the total tlermoregu-
latory response of the squirrel monkey when it is in equilibrium with a range
of microwave power densities and ambient temperatures. Onlv autonomic re-
sponse systems are considered here, not thermoregulatory behavior. The metl-od
of partitional calorimetry, a standardized technique in thermal physiology -
(29), has been employed throughout. A description of this method and the e
basic data on thermoregulation in the squirrel monkey, derived from parti- :
tional calorimetry, appear in the following sections of this report. B

Method of Partitional Calorimetry

The thermalization of tissues in the body that accompanies the c¢iprsure
of an organism to microwaves presents a unique challenge to the thermoregula-
tory system. The heat generated in the body tissues during such exposures mav
be considered to be comparable to that produced during physical exercise,
except that no increase in metabolic heat production would be anticipated. In
other words, during microwave exposure, tissue heating is passive rather tha-
active. The simplest way of determining the impact of any microwave exposurc
on the thermoregulatory system is to apply the methods of partitional calori- R
metry to the organism in question. g

Ao 4 ol P

In general, the thermoregulatory system mobilizes responses to imposed
thermal disturbances in such a way as to minimize or negate the disturbance.
The result of this activity 1s that the internal body tem,erature, the regu-
lated variable, is maintained at a constant or set level. The disturbance may
be a change in the rate of heat production (as during exercise) or a change in ——
the rate of heat exchange Letween the organism and the environment (as during 9
a change in ambient conditions). 1In the steady state, the heat produced in
the body of an endotherm is balanced by the heat lost to the enviromment such
that storage of heat within the body is minimal. The concept can be expressed
by a generalized heat balance equation of the form (17): o

-y

M-W=R+C+E=xS§ (1) > 1

The thermal energy produced in the body by metabolic processes M will be o

lified by any work W produced by the animal on the environment. while W may .

be a significant factor for humans or beasts of burden, it may be considered

negligible for other endothermic mammals. Thus, for practical purposes, M
represents the metabolic heat production of the body.

The first three terms on the right side of the equation represent the
different avenues by which heat is exchanged between the body and the environ- i
ment: R represents radiation, C represents convection, and E is the heat lost -
through the evaporation of water from the skin surface and respiratory tract. !
No term appears in the equation for heat exchange by conduction since 1t is - o
usually insignificant in most species. If the environmental temperaturec is Lo
higher than that of the body, the direction of heat transfer may be into the ~;}}
body and R and C may have a negative sign. Under such conditionms, evaporation :
of fluid from the body surface (and the lungs) is the only available averue ! O
heat loss. Man and certain nonhuman primates (e.g., Erythrocebus j paras) swet i
profusely and thus are able to thermoregulate efficiently, even uurv“s - -
cise 1in hot environments (21). The squirrel monkey dees o :
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capitiiifty, posie cing eccrine sweat glands only on the friction svrfaces of
the palms and netes (35,433, Thus,this species must rely to a large extent on
behavlorsl respences (e.g., spreading urine, creating a cool microclimate) tc

«nsvre mairtenance of a stable body temperature in the heat. Tt is important
to note thar these behavioral responses are not available to a squirrel monkey
under restraint in a laboratory setting such as the one described.

The last term in the heat btalance egquation, S, represents the rate of
Lvar eforage in the body. If S ies positive, body temperature rises; if § is
negative, body temperature falls., Cieerly, the goal of normal thermoreéﬁla~
tien is the minimization of S and thus the :chilevement of a stable internal
body temperature. The methods of partitional calorimetry are particularly
useful to determine the values of incividual terms in the heat balance equa-
tion at any given environmental tewperature for a particular species.

When the method of partitional calorimetry 1s used, the experimental
animal is brought into thermal equilibrium (i.e., §é0) with a particular
environmental temperature and the steadv-state heat production and heat loss
responses are measured. A wide range of environmental temperatures is stud-
ied, which encompasses the range to which the animal is normally exposed, a
design that yields a thermoregulatory profile of the species in question.

Metabolic heat production M is calculated from oxygen consumption and
rarbon dioxide production from which the respiratory quotient (RQ) may also be
_alculated. Oxygen consumption alone will suffice with the assumption c¢f a
constant RO (0.83 for the squirrel monkey). Total evaporative water loss,
which includes water lost through respiration, passive diffusion through the
=kin, and that evaporated as sweat, is determined from the total reduction in
tody weight during the experiment, urine and feces being trapped under oil,
{vaporative heat loss E is then calculated assuming the latent heat of zvapora-
rion of water to be 0.72 Weh/g. Dry heat exchanged with the environment
through convection C and radiation R must be expressed in terms of the surface
~rea of the body. For the squirrel monkey, Stitt et al, (43) have determined
thar a bedy mass of 1 kg is equivalent to a surface area of 0.108 mZ.

l'2at exchange via radiation and convecticn 1s determined indirectlvy in

e nwothod of partitional calorimetry and requires the measurement of the

srimat's meen skin temperature (Tsk). Under steady-state conditions of rest
& conretant alry temperature Ta, Equaticn (1) can bte simplified to

M=R+C+E (2)

‘n ithe steady state, when the walls of the environmental test chamber are at
tiie same temperatuie as Ta’ the heat losses from the body due to radiatior and
cemvection R o+ C are a function of the thermal gradient between skin and air;
s hus

e (o= ( -7 )
R+ C=h TSk a) (1
~here h I3 the coefficient of heat transfer to the environment. Substitutirg
r. Fauation (2) yields
M=h (T - + F 4)
M=h (T, -T)+E (&)
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in which h is the only unknown. This coefficient can be determincd at any
given T from the relation

h=M-B)/T, -T) (5)

and a plot of (M - E) versus (ng - T ) yields a straight line of slope h that
passes through the origin, where T‘k T . The units in which h is expressed
are (W/m?)/°C.

The total evaporative heat losses from the body ) may be parti-
tioned into that which is lost from the respiratory tréii (E ), and that
which leaves the skin in the form of sweat (E ), thus

Erge = Eres * By ®)

An assessment of the vasomotor tonus of the peripheral circulation car be
made by calculating conductance K, a measure of the core-to- skin heat flow.
With the exception of the respiratory evaporative heat loss, all hcat
leaving the body must pass from the deep body core to the skin, f}om which 1t
is transferred to the environment by radiation, convection, and evaporation.
Under steady-state conditions when heat storage in the body is zero, the heat
leaving the body must be equal to the metabolic heat production (Eq. 2). In
this case, K is the total amount of heat leaving the surface of the _body
divided by the temperature gradient between the core (T_ ) and the skin (Lbk)
Ereg 18 not included in this heat flow because it led%es the body directly
through the respiratory tract. Thus

Re=@- Eres)/(Tco - Tsk) N

When an organism is exposed to a radiofrequency field, the energy ab-
sorbed from the field (ér r) must be added to the metabolic heat produced by
the body. Neglecting the work factor, Equation 1 would then become

M+A,)=C+R+EtS (®)
and all other expressions that involve heat production M would be similarly
modified. Thus, the heat transfer coefficient for an organism exposed to a
radiofrequency field would become

=[(M + érfr) - EJ/(Tsk - Ta) (9
and conductance would become

R=(M+A,)-E /T -T (10)

Basic Thermal Physiology of the Squirrel Monkey

The autonomic thermoregulatory responses of five adult male squirrel
monkeys to T, that ranged from 10 to 39 °C were measured by Stitt and Hardv
(41). During the experimental tests, individual animals were restrained in .
Plexiglas chajr (1) inside an environmental test chamber. The T, was closely
regulated and air movement within the chamber was < 8 m/min (stili aiv .. - ' -
tions). A Plexiglas hood over the animal's head collected the expirec arr,




which was drawr outside the chamber at 7-10 L/min for analysis of oxygen
content. The increase 1in relative humidity of the expired air was also
measur~d so that respiratory cvaporative heat loss, E , could be calcularted.
The r~straining chair was mounted on a platform which was suspended from a
sensitive Lalance, In this way the reduction in body mass could be monitored
cont ivvously during the experiment. Deep colonic temperature, l0O-cm beyond
the anai sphincter, was measured with a polyethylene-~encased copper-constantan
therrououple with a reference junction in melting ice and water., Four repre-
sentative skin temperatures, taken from shaved areas on the abdomen, tail, leg
and foot were also measured with copper-constantan thermocouples constructed
in special configurations. These temperatures were used to calculate a
weighted TSk as suggested by Stitt et al. (43):

Tsk = 0.45Tabd + 0.37Tleg + 0.11Ttail + 0.O7Tfoot (11)

Each animal underwent at least three experimental tests at each of the
following T ¢ 10, 15, 20, 25, 30, and 35 °C. A few tests were conducted at
T =39 °C, bit a steady state could not ordinarily be achieved since this T is
véry close to the animal's normal regulated internal body temperature. Figure
I shows the thermoregulatory profile of the squirrel monkey derived from the
data of Stitt and Hardy (41). The functions drawn in the figure are the lines
of best fit to the data and show the mean steady-state levels of metabolic
Leat production (M), respiratory evaporative heat loss (E__ ), total evapora-
tive heat loss (Eto ), and thermal conductance (K) as ' % function of the
ambient temperature Eo which the animals were exposed. Steady-state colonic
temperature, weighted mean skin temperature, and the temperatures of tail and
foot skin, measured in the same experiments, are shown in Figure 2. The data
in Figures 1 and 2 represent the fundamentals of autonomic thermoregulation in
the squirrel monkey. The individual responses are discussed in some detail in
the following paragraphs.

When squirrel monkeys are restrained in cool environments, the body
temperature is regulated by an increase in metabolic heat production (M). All
~ther responses are at low ebb (Fig. 1). The figure shows that as Ta falls
helow ahout 26-27 °C, M increases linearly at a rate of about 0.35 (W/kg)/°C.
‘stive shivering may be observed at T =20 °C and below. At T =<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>